r Substantial information on rat mesenteric small artery physiology and pharmacology based on in vitro experiments is available.
Introduction
The functional properties of mesenteric small arteries from rodents with internal diameter between 100 and 300 μm have been characterized in details in vitro using myograph techniques. These in vitro results form the basis for important concepts on the control of small artery tone. However, much less is known about these arteries under in vivo conditions. In vivo, precapillary arterioles (diameter < 50 μm) have been studied by Zweifach and colleagues and by Altura and colleagues since the middle of the previous century (Shorr et al. 1951; Altura & Hershey, 1967; Altura, 1973; Lipowsky & Zweifach, 1977; Suzuki et al. 1994) . Also arteries of the hamster cheek pouch (Welsh & Segal, 1998; Kim et al. 2009 ), mouse cremaster muscle (Siegl et al. 2005; Bagher & Segal, 2011) and the gracilis artery (Boettcher & de Wit, 2011) have been intravitaly studied for many years and have importantly contributed to our understanding of vascular physiology. However, only a few intravital studies have addressed the function of mesenteric small arteries (Stekiel et al. 1986; Stekiel et al. 1999; Westcott & Segal, 2013) . Such information is, however, crucial in order to understand the physiological importance of different functional responses described in mesenteric small arteries in vitro.
A potential problem with most in vivo vascular preparations is that the drugs used not only affect the vessel segment under investigation but also upstream and downstream segments and potentially even the tissue supplied by the vessel segment. This complicates interpretation. It would be desirable that the drugs applied only affect the vessel segment under investigation.
Another potential problem with in vivo preparations is the effects of the anaesthesia. Several classes of anaesthetics are currently permitted by ethical committees and widely used for animal experiments. Most popular are isoflurane, pentobarbital, a combination of the α 2 -adrenoceptor agonist xylazine and a dissociative anaesthetic ketamine, and a mixture of an opioid (fentanyl), butyrophenone (fluanison) and benzodiazepine (midazolam). The latter is often referred to as rodent mixture. Importantly, these forms of anaesthesia are suggested to have significant side effects including changes in heart function and arterial tone (Smith & Hutchins, 1980; Loeb et al. 1997; Sumitra et al. 2004; Baumgartner et al. 2009 Baumgartner et al. , 2010 Bencze et al. 2013; Redfors et al. 2014) .
Studying vessel function in situ makes it possible to assess whether the drugs applied act locally and affect the flow of blood in the segment and the downstream vasculature. With laser speckle technology (Postnov et al. 2015 (Postnov et al. , 2016 , it is possible to assess flow velocity and vessel diameter and consequently volume flow.
In the present study, we present a technique that enables investigation of the diameter of isolated rat mesenteric small arteries in situ and the flow of blood through them under conditions where the drug effect is only binding to the artery segment under investigation. To assess the potential influence of the anaesthetic, we compared the vascular responses in rats anaesthetized with isoflurane inhalation or injections with either pentobarbital, or ketamine-xylazine, or rodent mixture.
Methods
Ethical approval. The authors understand the ethical principles under which The Journal of Physiology operates and certify that their work complies with The Journal's animal checklist (http://www.physoc.org/ animal-experiments). All experiments were performed in accordance with the EU Animal Welfare Act and were approved by and conducted with permission from the Animal Experiments Inspectorate of the Danish Ministry of Environment and Food protocol nos 2012-15-2934-00103 and 2016-15-0201-00982 . Except telemetric transducer implantation, all experiments were terminated by intracardial injection of saturated KCl (0.5 ml (100 g) −1 ) in deeply anaesthetized rats resulting in sudden death.
Male Wistar rats (10 weeks old) were bred and transported by Janvier Labs (France) in accordance with transport policy, which is ISO 9001 certified and intended to limit stress and protect the animals' welfare during travel. Rats were housed in pairs for 1-2 weeks before experiments in the animal facilities at the Department of Biomedicine, Aarhus University. Rats had unrestricted access to food and water.
Anaesthesia. Rats were deeply anaesthetized using one of four anaesthetic protocols: (1) subcutaneous injection with fentanyl and fluanison (8 μl kg −1 ; Hypnorm R , Vetapharma Ltd, Leeds, UK) and midazolam (25 μg kg −1 ; B Braun Melsungen AG, Melsungen, Germany), (2) subcutaneous injection with ketamine (3 mg kg −1 ; Ketaminol R vet, Intervet International, Boxmeer, The Netherlands) and xylazine (0.75 mg kg −1 ; Narcoxyl R vet, Intervet International), (3) intraperitoneal injection with pentobarbital (60 mg kg −1 ; Mebumal R , Pharmanovia A/S, Gentofte, Denmark; intraperitoneal injection required by the Danish authorities) or (4) inhalation of isoflurane (2%, 1 l min −1 , Baxter, Newbury, UK). Additional anaesthesia (1/3 of initial dose) was supplied ca. every half hour through the experiment.
Surgery and experimental set-up. Anaesthetized rats were placed on a heating plate at 37°C and a lateral laparotomy was performed. A short segment (1.5-2 cm) of the proximal part of the small intestine and mesentery was carefully pulled out and a single first or second order branch of the mesenteric artery with corresponding vein was placed in a small reservoir ('chamber') (6.5 mm (width) × 6.5 mm (length) × 3 mm (depth), corresponding to ß200 μl) by passing ends of the branch through openings in the two sides of the chamber (Fig. 1A  and B) . The openings in the chamber were sealed with high vacuum grease (Dow Corning GMBH, Wiesbaden, Germany). The chamber was filled with physiological salt solution (PSS) containing (in mM): 119 NaCl, 2.82 KCl, 1.18 KH 2 PO 4 , 1.17 MgSO 4 , 25 NaHCO 3 , 1.6 CaCl 2 , 0.026 EDTA, 5.5 glucose and 10 Hepes. The PSS was adjusted to pH 7.4 and gassed with 5% CO 2 in N 2 prior to addition to the chamber, and the chamber was emptied and fresh solution added every 5-15 min. The solution in the chamber was kept at 37°C by placing it on the heating plate.
During the experiment, the extracted segment of intestine and mesentery was kept moist using bandages soaked in PSS (Fig. 1A) ; moistening PSS was replaced every 20-30 min by overflow. Parafilm (Parafilm M, Sigma-Aldrich, Brøndby, Denmark) was placed on top of the exteriorized intestine and mesentery to reduce evaporation. Different concentrations of agonists, e.g. noradrenaline (NA), arginine vasopressin (AVP) and acetylcholine (ACh), were applied by adding 10 μl of a stock solution prepared in PSS into the chamber and mixing carefully using a pipette. In some cases, when drugs were applied outside the chamber, the solution bathing the mesentery outside the chamber has been replaced at least 3 times to ensure a final concentration The experimental setup for functional intravital studies of rat mesenteric small artery A, schematic drawing of the experimental set-up. An anaesthetized rat was placed on a heating plate and a small segment of the intestine was exteriorized. A segment of a branch of the mesenteric artery with the corresponding vein was placed into the reservoir filled with a physiological salt solution (PSS); the other exteriorized tissue was kept moist using bandages soaked in PSS. The arterial diameter was recorded using video microscopy. B, a small segment of exteriorized intestine and the experimental chamber with the arterial and vein braches of mesenteric artery. Parafilm was placed on top of the exteriorized intestine and mesentery to reduce evaporation. i, ii and iii indicate the areas where diameter and blood flow index were measured for the artery in the chamber, for the artery downstream for the chamber and for the artery in the intestinal wall downstream of the chamber, respectively. C, artery and vein passing through the wall of the experimental chamber.
J Physiol 595.15 of the drugs. Where indicated, the α-receptor blocker phentolamine was added to the chamber or outside the chamber in a final concentration of 1 μM. The intervals between applications of vasoactive agonists in cumulative concentration-response experiments were 2-3 min. The endothelium-dependent relaxing factors were inhibited by 15 min incubation with the specific inhibitors prior to ACh stimulation; NO synthase was blocked with 100 μM N G -nitro-L-arginine methyl ester (L-NAME), cyclooxygenase was inhibited by 3 μM indomethacin, and 50 nM apamin and 1 μM TRAM-34 were used to inhibit the small-and intermediate-conductance K + channels (SK Ca and IK Ca ), respectively.
The inner and outer diameters of the artery (inside the chamber and immediately downstream from the chamber) were visualized using a microscope (PSM-1000, Motic, Xiamen, China; 10×, numerical aperture 0.28 objective). For this purpose, a part of the surrounding mesenteric fat was dissected from the top of the arterial segment to enable a clear visualization (Fig. 1C) . The arterial inner diameter was recorded using a USB CCD Monochrome Camera (DMK 41AU02, Imaging Source, Bremen, Germany) attached to the microscope (Supplementary Video S1) and processed using DMT Vessel Acquisition Suite software (DMTVAS, Danish Myo Technology A/S, Aarhus, Denmark); calibration was made with a light microscopy calibration ruler. The passive inner arterial diameter (d p ) was measured as the diameter immediately after three washouts. During the next 5-10 min a basal tone developed. At the end of the experiment, d p was verified using a solution containing 10 μM papaverine hydrochloride, 1 μM phentolamine, 1 μM of the Rho-kinase inhibitor Y27632 and 1 μM ACh and was taken as the maximal diameter of the artery. All chemicals were purchased from Sigma-Aldrich (Denmark).
Blood gas values. Blood gas levels were analysed using an ABL80 blood gas analyser (Radiometer, Denmark). Arterial blood was collected from carotid artery by filling pre-heparinized capillary tubes (Clinitubes, Radiometer, Brønshøj, Denmark) at the beginning of anaesthesia and 3 h later at the end of protocol. No significant changes in plasma values were found (Table 1) .
Laser speckle imaging. Laser speckle imaging (LSI) experiments were performed in order to assess blood flow changes in the vasculature inside and downstream of the experimental chamber (Fig. 1B) . A segmentation algorithm (Postnov et al. 2016 ) was applied to the artery in the chamber and the artery in the intestinal wall downstream of the chamber. Artery diameter and corresponding speckle contrast were measured, allowing an estimation of volumetric blood flow dynamics (blood flow index; BFI). Coherent infrared light was provided by an LDM785 97.4 ± 0.4 (n = 5) 97.8 ± 0.4 (n = 6) P O 2 (kPa) 12.5 ± 1.2 (n = 5) 13.9 ± 0.9 (n = 6)
4 . 3 ± 0.4 (n = 5) 4.6 ± 0.2 (n = 6) pH 7.45 ± 0.02 (n = 5) 7.41 ± 0.02 (n = 6) Rats were anaesthetized with ketamine-xylazine. Data presented as means ± SEM.
laser unit, controlled by the diode driver CLD1011LP (Thorlabs Inc., Newton, NJ, USA). The laser light was directed to the blood vessels studied and the speckle signal was recorded by a CMOS camera (acA2000-165umNIR; Basler AG, Ahrensburg, Germany) mounted on the microscope (Motic PSM-1000). Laser power density was set to ß10 mW cm −2 (Postnov et al. 2015) . Blood flow through the arterial segment in the chamber was directly assessed using a Transonic flow probe (MA-0.5PSB, Transonic Systems Inc., Ithaca, NY, USA) coupled to Flowmeter (T403, Transonic Systems Inc.) and processed using a PowerLab 4/25 Chart 5 acquisition system (ADInstruments Ltd, Dunedin, New Zealand).
Telemetry. Rats were anaesthetized by isoflurane (2%, 1 litre min −1 , Baxter, UK) for telemetric transducer (TA11PA-C40; Data Sciences International, New Brighton, MN, USA) implantation. In preliminary experiments, the use of ketamine-xylazine or rodent mixture for this procedure complicated further studies since rats badly tolerated repeated applications of these anaesthetics, i.e. one time during catheter implantation and a second time for vascular function experiments.
The surgery was performed in accordance with the manufacturer's recommendations (Data Sciences International). The rat was placed in dorsal recumbence on the heating platform; abdominal skin was shaved and sterilized. A midline incision through the skin on the abdomen was made using a scalpel blade and then the midline incision through the abdominal wall was made by surgical scissors. Surrounding intestines were retracted with saline moistened gauze to access the abdominal aorta. Tissues overlying the aorta surface caudal to the crossover of the left renal vein and cranial to the iliac bifurcation were carefully separated by sterile cotton tip applicators. The aorta was separated from the caval vein and a piece of 4-0 suture was placed between the caval vein and underneath the aorta to occlude blood flow temporarily during introduction of the catheter. Using a bend 22-gauge syringe needle as a catheter introducer the aorta was pierced and the catheter of the telemetric transducer was advanced into the aorta. Aorta and the catheter entry site were dried with cotton tip applicators and a small amount of Dermabond tissue adhesive (Ethicon, Birkerød, Denmark) was applied to anchor the catheter in a place with a small fibre patch. The suture remnant from beneath the aorta and the gauze sponge retraction were removed. The transmitter was placed on top of the intestine. The abdominal wall and skin were closed by 4-0 suture and analgesia (subcutaneously 0.2 mg kg −1 ; Temgesic, Schering-Plough Europe, Brussels, Belgium) was injected subcutaneously at the end of operation. Analgesic treatment was repeated the following day.
Rats were allowed to recover for at least 1 week before measurements were started. Telemetry signals were recorded continuously for 2 h before induction of anaesthesia and 3 h under anaesthesia. Registration and analyses were performed with Dataquest ART software 4.3 (Data Sciences International).
Data analysis. For calculation of basal tone immediately before a drug was added, d p was set to 0% and an inner diameter of 0 μm was set as 100%. Basal tone was then calculated as [ 
During vasomotion the mean diameter was used for analysis in concentration-response experiments. The amplitude spectra were calculated using the discrete fast Fourier transform to convert data from the time domain to the frequency domain in LabChart Pro v.8.1 software (ADInstruments).
The LSI data were analysed using the segmentation algorithm (Postnov et al. 2016) in order to extract diameter and speckle contrast values for selected arteries. These values were then averaged over the vessel segment and used to calculate BFI. BFI values were averaged over 10 s periods, in order to provide information on the volumetric flow during different stages of the protocol. Average BFI values were obtained at the baseline (BFI baseline ), and during 10 μM NA stimulation (BFI NA ). Relative BFI changes during NA stimulation were calculated as BFI NA /BFI baseline . A similar normalization was made for artery diameters estimated from LSI.
All data are presented as means ± standard error of the mean (SEM) unless otherwise specified. P < 0.05 is considered statistically significant and n refers to the number of animals. Data were analysed using Prism 5 (GraphPad Software, La Jolla, CA, USA). Concentration-response curves were fitted to experimental data using four-parameter, non-linear regression curve fitting. From these curves, pD 2 (−log to the concentration required to produce a half-maximal response) and maximal response were derived and compared using an extra sum-of-squares F test. One-way and two-way ANOVA were used where appropriate followed by the Bonferroni correction for multiple comparison.
Results
Effects of anaesthesia on blood pressure and heart rate.
At the day of experiment blood pressure and heart rate were recorded for 2 h prior to interventions, and in anaesthetized rats for the following 3 h (Fig. 2) . Rodent mixture anaesthesia transiently (ß40 min) suppressed blood pressure. Even though blood pressure recovered, heart rate remained elevated ( Fig. 2A) . Ketamine-xylazine and pentobarbital injections elevated blood pressure transiently (ß30 min) but it then stabilized at the initial level as did heart rate ( Fig. 2B and C) . The transient blood pressure changes corresponded to the period of dissection and preparation for the experiment. Isoflurane anaesthesia did not affect blood pressure and heart rate ( Fig. 2D ). Anaesthetized rats had stable blood gas parameters through the entire experiment (Table 1) .
Vasoconstriction to NA varies with anaesthesia.
Mesenteric small arteries in rats anaesthetized with rodent mixture did not constrict to NA in concentrations up to 100 μM (n = 43). NA in concentrations above 100 μM reduced lumen diameter and induced rhythmic oscillations in the arterial diameter (n = 5) (Fig. 3A) . Due to this low sensitivity to NA we have not used NA to induce tone in experiments where endothelium-dependent relaxation was studied during rodent mixture anaesthesia.
In contrast, mesenteric small arteries in rats anaesthetized with ketamine-xylazine (Fig. 3B ), isoflurane inhalation (Fig. 3C) or pentobarbital (Fig. 3D ) constricted in a concentration-dependent manner in response to concentrations of NA as low as 100 nM. There was no difference in the sensitivities to NA of the arteries in rats anaesthetized either with ketamine-xylazine, or isoflurane inhalation or pentobarbital (pD 2 ; 6.2 ± 0.1 (n = 8), 6.2 ± 0.1 (n = 8) and 6.2 ± 0.1 (n = 7), respectively). The sensitivity to NA under these experimental conditions was higher compared to those previously reported in vitro under isometric conditions (Table 2 ). There was a small reduction in the maximal vasoconstriction in rats anaesthetized with ketamine-xylazine (63.1 ± 2.7%, n = 8) in comparison with isoflurane and pentobarbital J Physiol 595.15 anaesthesia (73.4 ± 2.2%, n = 8 and 71.2 ± 2.2%, n = 7, respectively) (Fig. 3D) .
To assess whether the NA was confined to the chamber, we measured the diameter of the artery downstream for the chamber (about 3-6 mm from the chamber, proximal to the arcading artery). When 10 μM NA was added to the chamber, the diameter outside the chamber was reduced by 8.7 ± 2.0% (n = 5). To assess whether this was due to NA coming out of the chamber, e.g. via the lumen of the artery, the experiment was repeated in the presence of 1 μM phentolamine outside the chamber. Under these conditions the diameter was reduced by 7.4 ± 0.8% (n = 5) and not different from that seen in the absence of phentolamine. However, 1 μM phentolamine applied outside the chamber completely inhibited vasoconstriction to NA also applied outside the chamber (n = 7).
Basal tone and response to ACh. The arteries had spontaneous basal tone (from maximal relaxed inner diameter of 267 ± 78 μm (mean ± standard deviation of mean); n = 97) which was 9.3 ± 1.8% (n = 33) under ketamine-xylazine, 14.6 ± 2.7% (n = 18) under pentobarbital, 5.5 ± 2.9% (n = 19) isoflurane and 6.8 ± 2.1% (n = 27) under rodent mixture anaesthesia. To study ACh-induced vasodilatation, arteries were preconstricted with 3 μM NA (Fig. 4) . In time-control experiments this NA preconstriction remained stable for at least 30 min with all anaesthesia protocols.
There was no difference in the maximal effect of ACh and sensitivity to ACh under control conditions in rats anaesthetized with ketamine-xylazine, isoflurane inhalation and pentobarbital (Tables 3 and 4 , and Fig. 4) . The concentration-dependent ACh-induced vasodilatations were reproducible in two subsequent stimulations with 20 min washout period between them (n = 3, not shown). Accordingly, no more than two ACh concentration-response curves were performed on the same artery. The sensitivity to ACh under these experimental conditions was less compared to that previously reported in vitro ( Table 2 ).
The role of endothelium-dependent hyperpolarizationlike signalling of endothelium-dependent vasodilatation in situ. To test the significance of endotheliumdependent hyperpolarization-like signalling in situ, we preincubated arteries with TRAM-34 (1 μM) and apamin (50 nM) for 20 min. This significantly elevated basal arterial tone only in rats anaesthetized with rodent mixture from 6.6 ± 3.0% to 17.9 ± 3.4% (P < 0.05, n = 14). Arrows indicate the beginning of anaesthesia. There was no effect on blood pressure and heart rate during application of drugs in the chamber. When arteries were preconstricted with NA, preincubation with TRAM-34 and apamin decreased the sensitivity to ACh (Table 3 ) without affecting the maximal dilatation under all forms of anaesthesia (Table 4) .
NO synthase-and cyclooxygenase-dependent vasodilatation. Incubation with 100 μM L-NAME and 3 μM indomethacin increased basal tone. When rats were anaesthetized with either isoflurane or rodent mixture the basal arterial tone was increased by L-NAME and indomethacin from 1.7 ± 2.9% to 11.8 ± 5.8% (n = 6, P < 0.05) and from 6.9 ± 3.2% to 25.1 ± 3.9% (n = 13, P < 0.01), respectively. L-NAME and indomethacin did not significantly change the basal tone in rats anaesthetized with ketamine-xylazine (n = 13) and pentobarbital (n = 6). L-NAME and indomethacin reduced the ACh-induced sensitivity (Table 3 ) under all forms of anaesthesia but the maximal relaxation was only reduced during pentobarbital and isoflurane anaesthesia (Table 4) . . D, the normalized concentration-response curves from the experiments where rats were anaesthetized with ketamine-xylazine (n = 8), isoflurane inhalation (n = 8), pentobarbital (n = 7) and rodent mixture (n = 5). * P < 0.05 for ketamine-xylazine anaesthesia in comparison with isoflurane and pentobarbital anaesthesia; concentration-response curves were compared by extra sum-of-squares F test.
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The combination of L-NAME, indomethacin, TRAM-34 and apamin significantly potentiated the basal arterial tone in comparison with the conditions without blockers of the endothelium-dependent relaxation. The potentiation was 24.5 ± 4.0% (P < 0.001; n = 11), 14.5 ± 3.6% (P < 0.01; n = 6), 25.3 ± 6.5% (P < 0.01; n = 6) and 30.5 ± 3.2% (P < 0.001; n = 17) for ketamine-xylazine, isoflurane, pentobarbital and rodent mixture anaesthesia, respectively. Under all forms of anaesthesia the relaxation to ACh was strongly inhibited when all the endothelium-derived relaxing pathways were inhibited (Table 4) .
Vasoconstriction to AVP. The sensitivities to AVP under different forms of anaesthesia were not significantly different (Fig. 5) ; pD 2 were 9.6 ± 0.3 (n = 3), 9.4 ± 0.1 (n = 3), 9.3 ± 0.1 (n = 6) and 9.0 ± 0.2 (n = 3) for ketamine-xylazine, isoflurane, pentobarbital and rodent mixture, respectively. Furthermore, the sensitivity to AVP was similar to those previously reported for mesenteric small arteries in vitro (Table 2) . With rodent mixture anaesthesia the maximal vasoconstriction to AVP was significantly reduced compared with ketamine-xylazine, isoflurane or pentobarbital anaesthesia (Fig. 5) .
There was no difference in the sensitivities to ACh under control conditions for arteries in rats anaesthetized with rodent mixture and ketamine-xylazine (Table 3) .
TRAM-34 and apamin significantly suppressed the maximal vasodilatation to ACh (Table 4) . The sensitivity to ACh was suppressed by TRAM-34 and apamin only in rats anaesthetized with ketamine-xylazine (Table 3) . ACh-induced relaxation was significantly suppressed in the presence of L-NAME and indomethacin as evident from decreased sensitivity to ACh (Table 3 ) and reduced maximal relaxation response (Table 4) . A combination of TRAM-34, apamin, L-NAME and indomethacin further suppressed the vasodilatation (Table 4) . No sigmoidal concentration-response curve was possible to construct under these conditions to evaluate the sensitivity to ACh.
Vasomotion. Vasomotion was not seen prior to stimulation with vasoconstrictor agonists. However, vasomotion was present in all preconstricted arteries (Figs 3-5) irrespective of whether NA or AVP was used as the contractile agonist. NA-induced vasomotion had significantly higher amplitude in rats anaesthetized with ketamine-xylazine than in rats anaesthetized with pentobarbital ( Fig. 6A) . No difference in vasomotion frequency was seen between different forms of anaesthesia when arteries were preconstricted with NA (Fig. 6B) . When arteries were preconstricted with AVP, vasomotion amplitude was again significantly higher in rats anaesthetized with ketamine-xylazine than in rats under pentobarbital, rodent mixture and isoflurane anaesthesia A, a representative trace from a rat anaesthetized with ketamine-xylazine. B, the concentration-response curves from the experiments where rats were anaesthetized with ketamine-xylazine (n = 8), isoflurane inhalation (n = 7) and pentobarbital (n = 6). NA-preconstricted arteries Ketamine-xylazine 6.7 ± 0.1 5.7 ± 0.2 (n = 6) * * * 6.2 ± 0.1 5.4 ± 0.2 (n = 10) * * * Isoflurane 6.2 ± 0.1 5.4 ± 0.4 (n = 6) * * * 6.5 ± 0.1 5.5 ± 0.1 (n = 7) * * * Pentobarbital 6.5 ± 0.1 5.8 ± 0.2 (n = 6) * * * 6.1 ± 0.1 5.7 ± 0.3 (n = 6) * * * AVP-preconstricted arteries Ketamine-xylazine 6.4 ± 0.1 6.1 ± 0.1 (n = 5) * * * --Rodent mixture 6.6 ± 0.6 6.8 ± 0.1 (n = 14) 6.5 ± 0.1 5.6 ± 0.1 (n = 11) * * * Data presented as means ± SEM. * * * P < 0.001 vs. control. 
NA-preconstricted arteries Ketamine-xylazine 90.2 ± 14.8% (n = 6) 88.4 ± 14.2% (n = 10) 32.0 ± 9.5% (n = 12) * * * Isoflurane 68.7 ± 18.5% (n = 6) 67.7 ± 12.3% (n = 7) * 17.5 ± 6.03% (n = 6) * * * Pentobarbital 98.5 ± 8.1% (n = 6) 27.0 ± 14.8% (n = 6) * * 23.5 ± 9.1% (n = 5) * * AVP-preconstricted arteries Ketamine-xylazine 86.6 ± 2.2% (n = 5) * * --Rodent mixture 69.4 ± 7.9% (n = 14) * * 74.5 ± 8.2% (n = 11) * 36.9 ± 7.9% (n = 17) * * * Data presented as means ± SEM. The responses expressed as a percentage from the maximal relaxation under control conditions before addition of inhibitors for endothelial-derived relaxing pathways. * P < 0.05, * * P < 0.01, * * * P < 0.001. (Fig. 6C) . The frequency of vasomotion was, however, significantly higher in rats anaesthetized with isoflurane in comparison with other forms of anaesthesia (Fig. 6D) .
In rats anaesthetized with ketamine-xylazine the oscillations were unaffected by incubation with TRAM-34 and apamin ( Fig. 7A and B) . In contrast, incubation of arteries with L-NAME and indomethacin suppressed the amplitude of vasomotion and led to a broader spectrum of frequencies ( Fig. 7A and B) . Blockade of the sarcoplasmic reticulum Ca 2+ -ATPase with 10 μM cyclopiazonic acid (CPA) increased the mean amplitude of oscillations from 28.2 ± 3.5 to 71.5 ± 9.7 μm, (P < 0.01; n = 5) while the frequency decreased from 11.1 ± 0.8 to 5.1 ± 0.2 min −1 (P < 0.01; n = 5) ( Fig. 7C and D) . Subsequent addition of 1 μM TRAM-34 and 50 nM apamin reversed the amplitude and frequency of oscillations in the presence of CPA to values seen prior to the addition of CPA (Fig. 7C  and D) .
Measurements of diameter and blood flow with LSI approach. We assessed blood flow changes during the experiment using an LSI approach, which provides us with the relative changes in diameter and BFI (Fig. 8A) . In these experiments, the rats were anaesthetized with ketamine-xylazine. Ten micromolar NA in the chamber reduced the LSI-determined diameter ( Fig. 8A and C) similar to the results assessed with video imaging (Fig. 3D) and this was associated with substantial decrease of BFI (Fig. 8C ). Blood flow was measured directly in the artery in the chamber with a Transonic flow probe, and the similar decrease was detected when NA was added to the chamber (Fig. 8E) . In contrast, the arterial diameters and BFI (Fig. 8D) in the intestinal wall downstream of the arterial segment in the chamber and the flow in these downstream arteries were not significantly affected by 10 μM NA or 10 μM ACh in the chamber.
Discussion
We here introduce a new vascular preparation where the diameter of segments of rat mesenteric small arteries and the flow through them are studied in situ. In this study we (1) characterized vasoconstrictor (tonic and oscillatory) and vasodilator responses, (2) demonstrated a good correspondence of in situ data obtained from these arteries to the previously published in vitro data, (3) compared responses using four commonly used anaesthesia protocols, and (4) demonstrated that the direct effects of NA and ACh on arterial diameter and flow were confined to the vessel segment under investigation.
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Vasoconstrictor responses. The arteries developed spontaneous reduction in basal diameter prior to pharmacological intervention. This basal vascular tone was ß10%. This contrasts with in vitro isometric conditions where these arteries do not have spontaneous tone. However, under pressurized conditions in vitro rat mesenteric small arteries develop spontaneous tone of approximately the same magnitude (Sun et al. 1992; Wesselman et al. 1996) as seen here. Inhibition of endothelium-dependent relaxing pathways did not affect spontaneous myogenic tone in vitro (Sun et al. 1992) , but significantly potentiated basal tone in situ in the current study, showing that the arterial tone is modulated by tonic vasodilatory action of the endothelium. These data further show that the arteries in vivo are under vasoconstrictor influences (e.g. myogenic contraction, humoral factors and sympathetic innervation).
The sensitivity to NA was increased compared to findings under isometric conditions in vitro. This may reflect that the arteries in vivo are more depolarized (ß−40 mV) than in vitro (ß−55 mV) (Stekiel et al. 1986 ). Importantly, similar depolarized membrane potential in mesenteric arteries in vivo was observed in rats anaesthetized with isoflurane (Stekiel et al. 1999 ) and pentobarbital (Stekiel et al. 1986 ). The sensitivity to AVP was not increased though compared to in vitro, possibly because AVP vasoconstriction is less dependent on voltage-gated Ca 2+ influx (Henderson & Byron, 2007) . We consistently observed rhythmic oscillations in arterial diameter, i.e. vasomotion in preconstricted arteries in the same frequency range as observed in vitro (Matchkov, 2010; Aalkjaer et al. 2011) . Vasomotion had characteristics similar to those seen in vitro (Peng et al. 2001; Jacobsen et al. 2007a,b) , i.e. vasomotion is most prevalent at intermediate tone levels (Gustafsson, 1993; Boedtkjer et al. 2008 ) and can be elicited by both AVP and NA (Matchkov, 2010) and is sensitive to L-NAME. Also the low frequency high amplitude oscillation seen in vitro after inhibition of the sarcoplasmic reticulum Ca 2+ -ATPase, which is dependent on IK Ca and SK Ca (Rahman et al. 2007) , can be elicited in situ. This oscillation of vascular tone relies on complicated in-phase oscillations of membrane potential and out-of-phase oscillations of intracellular Ca 2+ in endothelial and smooth muscle cells (Rahman al. 2007) and is dependent on a complex interaction between several ion channels. This suggests that complex vascular responses are similar in vitro and in situ. It remains uncertain whether vasomotion represents a physiological or pathophysiological condition (Matchkov, 2010; Aalkjaer et al. 2011) . Several previous reports suggest that vasomotion in vivo could be a response to hypoxic conditions or haemorrhage (Bertuglia et al. 1991; Schmidt et al. 1993 ) and can be affected by metabolic and acid-base changes associated with anaesthesia (Schmidt, 1996) . Although we cannot exclude these possibilities, similar results with four different anaesthetics and well maintained haemodynamic and blood gas conditions may argue against the suggestion that vasomotion is induced by the anaesthetic.
Vasodilator responses. ACh caused relaxation with a potency that was reduced compared to that seen in vitro. As discussed below the role of the individual factors for the relaxation to ACh was dependent on the anaesthesia. The finding underlines that differences between data obtained in vitro and in situ may depend on the anaesthetic used.
The effect of anaesthetics on the arterial responses in situ. Four types of anaesthesia were tested in this study: rodent mixture, pentobarbital, ketamine-xylazine and isoflurane inhalation. While there was no significant effect of isoflurane inhalation on blood pressure and heart rate over the 3 h of experimental protocol, other forms of anaesthesia induced a transient (ß30 min) change in these parameters. These transient anaesthesia-related changes were observed during surgical preparation and returned to the resting pre-anaesthesia level when the mesenteric artery function was assessed (with the exception of rodent mixture, which resulted in a maintained increase of heart rate). This strongly suggests that the vasoactive responses were assessed under haemodynamic conditions, which are similar to those seen in un-anaesthetized rats.
Rodent mixture-induced anaesthesia was accompanied by transient blood pressure drop and a maintained elevation of heart rate. This could suggest that peripheral resistance remained low during the experimental procedure. Our results are in accordance with reports of a hypotensive effects of rodent mixture (Zuurbier et al. 2014) as well as it components, i.e. fentanyl (Freye, Noradrenaline-induced vasomotion was analysed in rats anaesthetized by ketamine-xylazine, isoflurane and pentobarbital (n = 15). When arteries were AVP preconstricted, vasomotion was compared between rodent mixture, ketamine-xylazine, isoflurane and pentobarbital anaesthesia. * P < 0.05, * * P < 0.01, * * * P < 0.001 (one-way ANOVA followed by Bonferroni post hoc test).
1974; Brookes et al. 2003; Baumgartner et al. 2009 ) and midazolam (Matson & Thurlow, 1988) . The effect of fentanyl in the isolated aorta was shown to be mediated via competitive blockade of α-adrenoceptors (Toda & Hatano, 1977; Karasawa et al. 1993; Park et al. 2009) . Moreover, some studies suggest a direct antagonistic action of fentanyl on α 1B -adrenoceptors (Sohn et al. 2005) . Midazolam has both central and peripheral effects on the circulation. It is known to depress endogenous NA release (Marty et al. 1986; Kobayashi et al. 1998 ) and carotid body chemoreceptor activity (Kim et al. 2006) . Both α 1 -and α 2 -adrenoceptor mediated smooth muscle contractions have been shown to be inhibited by midazolam, possibly through an inhibition of post-receptor transduction (Kobayashi et al. 1998) . Altogether, this provides a haemodynamic background for suppression of peripheral vascular resistance by rodent mixture. Accordingly, we found that mesenteric arteries in rats anaesthetized with rodent mixture were highly insensitive to NA. The limited effect of rodent mixture on AVP-induced vasoconstriction is consistent with the effect of rodent mixture being mediated via suppression of the α-adrenergic receptor pathway (Toda & Hatano, 1977; Karasawa et al. 1993; Park et al. 2009 ).
Apart from a transient blood pressure elevation during induction, pentobarbital had no significant influence on Oscillations obtained under control conditions and after incubation with inhibitors. A and B, vasomotion was recorded under control conditions (n = 15) and after incubation with 1 µM TRAM-34 and 50 nM apamin (n = 8), or after incubation with 100 µM L-NAME and 3 µM indomethacin (n = 7). A, representative traces from such experiments; B, their averaged spectrum analyses. C and D, in another experiment (representative trace in C), vasomotion was recorded under control conditions, in the presence of 10 µM cyclopiazonic acid (CPA), and in the presence of a combination of 10 µM CPA, 1 µM TRAM-34 and 50 nM apamin (averaged spectrum analyses in D). n = 5. * P < 0.05, * * P < 0.001 vs. control conditions (two-way ANOVA followed by Bonferroni post hoc test). rat blood pressure and heart rate. This is in accordance with previous reports (Saha et al. 2007; Bencze et al. 2013; Redfors et al. 2014) . Consistent with this, mesenteric small arteries in rats anaesthetized with pentobarbital responded to NA similarly to those in rats anaesthetized with ketamine-xylazine and isoflurane inhalation suggesting a minimal direct effect of pentobarbital on the contractile function in situ.
We did not observe any long-lasting effects of ketamine-xylazine and isoflurane anaesthesia on blood pressure and heart rate. The ketamine-xylazine mixture has been reported to be without effects on heart rate and blood pressure in normotensive rats (Sumitra et al. 2004; Redfors et al. 2014; Albrecht et al. 2014a,b) although one study suggested a reduction in mean arterial blood pressure (Bencze et al. 2013) . This blood pressure reduction was reported to be time and dose dependent (Saha et al. 2007) . Xylazine is an α 2 -adrenoceptor agonist and has previously been shown to reduce sympathetic neurotransmitter release via a presynaptic α 2 -adrenoceptor pathway (Menegaz et al. 2000) .
Isoflurane inhalation has previously been shown to elevate heart rate in rats (Albrecht et al. 2014a,b) ; however, further increase of isoflurane concentration reduced heart rate in a concentration-dependent manner (Bencze et al. 2013; Redfors et al. 2014) . The concentration of isoflurane used in the current study corresponds to the level where no difference in heart rate and arterial blood pressure was reported (Redfors et al. 2014 ) and consistently we found no effect on these parameters.
Since rodent mixture increased the heart rate and inhibited the adrenergic pathway, we conclude that this anaesthetic is not useful. For the other three types of anaesthetics we did not detect major difference in the vascular responses we chose to investigate. Some significant differences were observed though in the contribution of different endothelium-derived substances to basal tone and in response to ACh and quantitative aspects of vasomotion, and it is therefore not possible to state which type of anaesthesia maintains the awake situation best. Since pentobarbital may cause respiratory depression (Flecknell, 2009) and is not recommended by the Danish authorities for long periods of anaesthesia, and since isoflurane requires more equipment fitted into the preparation, we decided to use ketamine-xylazine for further experiments.
The vasoactive drugs are retained in the chamber. One important difference of this set-up from previous reports on intravital function of rat mesenteric small artery (Boettcher & de Wit, 2011; Westcott & Segal, 2013) is that the arterial segments studied are isolated in a chamber. This would allow for a local effect of drugs if the drugs are confined to the chamber, thus reducing potential effects of the drugs on local and central arterial pressures, blood flow and intestinal metabolism. To assess whether NA applied to the chamber had effects outside the chamber, we measured the downstream arterial diameters immediately outside the chamber (video recording) and in the intestinal wall (LSI). Immediately outside the chamber, the diameter was slightly (< 10%) reduced when NA was applied to the chamber. This effect was not inhibited by phentolamine (added outside the chamber), which shows that NA escaping from the chamber and activating α 1 -receptors on the downstream arteries is not responsible for this response. It seems likely that the effect immediately outside the chamber may be caused by a conducted response (Xia et al. 1995) or is consequent to the markedly reduced flow and consequently shear stress induced by NA. In the arteries further downstream, i.e. in the intestinal wall, NA applied to the chamber did not affect the diameter and the flow, neither in the absence nor in the presence of phentolamine (outside the chamber). Also ACh added to the chamber was without effect on the arteries in the intestinal wall. Together these findings demonstrate that applied drugs are confined to the chamber and that the responses of the vessel segments to interventions in the chamber are independent of changes outside the chamber.
Perspectives. The preparation presented combines the quality of a well-controlled environment in in vitro vascular preparations with the physiological relevance of intravital vascular preparations. The use of LSI to evaluate diameter and flow of both the isolated arterial (and venous) segments and the downstream vascular segments combined with the possibility of adding drugs both in the chamber and outside the chamber provide the option of assessing the functional consequences of changes in pharmacological interventions. Our findings suggest that responses of rat mesenteric arteries in situ largely reproduce the responses reported in vitro with some quantitative difference and with some dependence on the anaesthetic used. This validates numerous in vitro experimental results. The study further demonstrates that although the anaesthetics do affect experimental results in situ, pentobarbital, isoflurane and ketamine-xylazine are well suited to the type of experiments reported here.
